In microbes, CRISPR-Cas systems provide adaptive immunity against invading genetic elements. Cas9 in complex with a guide-RNA targets complementary DNA for cleavage and has been repurposed for wide-ranging biological applications. New Cas9s have been engineered (eCas9 and Cas9-HF1) to improve specificity, but how they help reduce off-target cleavage is not known. Here, we developed single molecule DNA unwinding assay to show that sequence mismatches affect cleavage reactions through rebalancing the internal unwinding/rewinding equilibrium. Increasing PAM-distal mismatches facilitate rewinding, and the associated cleavage impairment shows that cleavage proceeds from the unwound state. Engineered Cas9s depopulate the unwound state more readily upon mismatch detection. Intrinsic cleavage rate is much lower for engineered Cas9s, preventing cleavage from transiently unwound off-targets. DNA interrogation experiments showed that engineered Cas9s require about one additional base pair match for stable binding, freeing them from sites that would otherwise sequester them. Therefore, engineered Cas9s achieve their improved specificity (1) by inhibiting stable DNA binding to partially matching sequences, (2) by making DNA unwinding more sensitive to mismatches, and (3) by slowing down intrinsic cleavage reaction.
In bacteria and archaea, CRISPR (clustered regularly interspaced short palindromic repeats)-Cas systems impart adaptive defense against phages and plasmid 1 . In type II CRISPR-Cas systems, the Cas9 endonuclease in complex with two RNAs, a CRISPR guide-RNA (crRNA) and a trans-activating RNA (tracrRNA), targets complementary 20 base pair (bp) sequences (protospacers) in foreign DNA for doublestranded cleavage, with a requirement that they be followed by a motif called PAM (protospacer adjacent motif, 5'-NGG-3' for S. pyogenes Cas9) [2] [3] [4] . Programmable DNA binding and cleavage by Cas9 has revolutionized life sciences, where Cas9 cleavage is used for genome editing and Cas9 binding is used for tagging genomic sites with markers or effectors for wide-ranging applications 5, 6 . Minimizing off-target effects of both binding and cleavage 7, 8 remains an active area of study. In vitro and in vivo investigations have shown that Cas9-RNA specificity is most affected by PAM plus an 8-10 PAM-proximal seed region and concentrations of both Cas9 and RNA 7, 9 . Rationally designed and engineered S. Pyogenes Cas9s (EngCas9s), namely enhanced Cas9 (eCas9; K848A/K1003A/R1060A mutations) and high fidelity Cas9 (Cas9-HF1; N497A/R661A/Q695A/Q926A mutations), led to remarkable specificity improvements in unbiased genome wide CRISPR-Cas9 specificity measurements 10, 11 .
The stability of Cas9-RNA-DNA complex is in part a function of the specific RNA-DNA base-pairing and sequence-independent interactions between Cas9 residues and DNA, the latter being a potential source of promiscuity. Cas9-RNA uses binding energy to initially melt DNA near PAM, and DNA unwinding can continue downstream in the presence of sequence complementary with guide-RNA. The motivation behind the mutations in EngCas9s was to destabilize the Cas9-RNA-DNA complex by diminishing the favorable sequence-independent interactions between Cas9 residues and the DNA backbone ( Fig. 1b) . How these mutations affect and modulate DNA interrogation, unwinding and cleavage remains unknown. Here, we report a comparative analysis of DNA interrogation and rejection, DNA unwinding and rewinding dynamics, and cleavage activation among different Cas9s using single molecule imaging methods that can detect multiple conformations and transient intermediates 12 and have been used previously to study CRISPR systems in vitro 9, [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Results

Real-time single molecule FRET assay for DNA interrogation
We employed a single-molecule fluorescence resonance energy transfer (smFRET) assay 22 to investigate DNA interrogation by EngCas9-RNA. DNA targets (donor-labeled, 82 bp long) were immobilized on polyethylene glycol (PEG)-passivated flow chambers and EngCas9 pre-complexed with acceptor-labeled guide-RNA (EngCas9-RNA) was added to observe their interactions in real time. Locations of donor (Cy3) and acceptor (Cy5) were chosen such that specific interaction between DNA target and EngCas9-RNA would lead to FRET ( Fig.  1a and Supplementary Fig. 1 ). Labeling at these locations do not affect Cas9 cleavage activity 9 . Unless mentioned otherwise, we used catalytically dead versions of all Cas9s (denoted with the prefix d) in order to focus on the properties prior to cleavage. Wild-type (WT) Cas9 and dCas9 showed similar behavior in DNA interrogation experiments 9 .
We examined different DNA targets containing mismatches relative to the guide-RNA. As the naming convention, we used n PD (the number of PAM-distal mismatches) and n PP (the number of PAM-proximal mismatches) ( Fig. 1b) . The cognate DNA target gave two distinct populations centered at FRET efficiency (E) of 0.9 and 0 in the presence of 20 nM EngCas9-RNA. The E=0.9 population was negligible if only the labeled RNA was added without Cas9 or if a fully mismatched DNA without PAM was used. Therefore, we assigned the E=0.9 species to a sequence-specific EngCas9-RNA-DNA complex (Fig. 1c) . The E=0 population is a combination of unbound states and bound states with inactive or missing acceptor. Cas9-RNA titration gave the apparent dissociation constant (K d ) of 0.50 nM (dCas9), 0.5 nM (deCas9) and 2.7 nM (dCas9-HF1) ( Supplementary Fig. 2) .
To quantify the impact of mismatches, we determined the apparent Cas9-RNA bound fraction f bound , defined as the normalized fraction of DNA molecules with E > 0.75 (20 nM Cas9-RNA) ( Fig. 1d and Supplementary Fig. 3 ). f bound vs. mismatches for EngCas9s was similar to that observed previously with WT Cas9 9 ; (i) f bound remained unchanged when n PD increased from 0 to 10 or 11, but precipitously decreased beyond, (ii) even n PP of 2 or 4 caused a >50 % or >95% drop in f bound , respectively, (iii) binding is ultra-stable with >8-9 PAM-proximal matches as f bound remained high even 1 hour after washing away free Cas9-RNA ( Supplementary Fig. 4 ).
If there are enough mismatches to preclude stable binding, smFRET time-traces showed repetitive transitions between E=0 and E=0.45 states in addition to transitions between E=0 and E=0.9, suggesting that there are multiple bound states distinguishable based on E 9 (Fig. 1c) . We used a hidden Markov modeling analysis 23 to determine  avg as a fraction-weighted average of the high (E=0.9) and mid (E=0.45) FRET state lifetimes.  avg was over 1 hour for DNA targets with at least m PAM-proximal matches (m=9 for WT Cas9 and deCas9, 10 for dCas9-HF1) but decreased to 0.5 -15 s with fewer than m PAM-proximal matches or any PAM-proximal mismatches ( Fig. 1e) . Dwell times of the unbound state (E <0.2) were only weakly dependent on sequence ( Fig. 1f) 
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We list below qualitative features common between EngCas9s and WT Cas9 as well as quantitative differences:
(1) All Cas9s interrogate and bind DNA in two distinct modes. Sequence-independent sampling of DNA target in search of PAM results in transient mid FRET events. The high FRET state results upon PAM detection and RNA-DNA heteroduplex formation, and its lifetime increased with increasing base-pairing between guide-RNA and DNA target. (2) The binding frequency is independent of sequence. The bimolecular association rate constant k on decreased for EngCas9s (2.6×10 6 M -1 s -1 for deCas9 and 0.9×10 6 M -1 s -1 for dCas9-HF1, compared to 5.4×10 6 M -1 s -1 for WT Cas9), possibly as a result of alteration in electrostatic and polar interaction upon removal of positively charged and polar residues ( Fig. 1f). (3) PAM-proximal mismatches are much more deleterious for stable binding compared to PAM-distal mismatches, and mismatches in the middle of the protospacer renders PAM-distal matches inconsequential ( Supplementary Fig. 3 ) 9 , suggesting that all Cas9s extend RNA-DNA heteroduplex unidirectionally from PAM-proximal to PAM-distal end. (4) PAM-proximal mismatches are more deleterious for EngCas9 binding than WT Cas9, and (5) deCas9 and WT Cas9 9,24 require 9 PAM-proximal matches for ultra-stable binding whereas dCas9-HF1 requires 10 ( Fig. 1e, Supplementary Fig. 4 ). Overall, EngCas9 are similar to WT Cas9 in their sequence-dependent binding properties except for the higher ability to reject both PAM-proximal and PAM-distal mismatches which may help reduce Cas9-RNA sequestration by partially matching targets.
Cas9-RNA induced DNA unwinding
Genome wide characterization of EngCas9 cleavage specificity showed marked improvements over WT Cas9 10, 11 . Yet, our binding study shows that the EngCas9s still stably bind to DNA with n PD as large as 10. We reasoned that EngCas9s may differ from WT Cas9 in their mismatch dependence of DNA unwinding which, if promoted by annealing to guide-RNA, may be a determinant of cleavage action 25 . Therefore, we probed the internal unwinding of PAMdistal region of the protospacer by labeling the target and non-target strands with a donor and an acceptor, respectively, with 9 bp spacing ( Supplementary Fig.  7 ). Labeling at these locations did not perturb cleavage ( Supplementary Fig. 8 ). The DNA by itself showed high FRET (E~0.75) ( Fig. 2a) , and upon addition of 100 nM WT dCas9-RNA to cognate DNA, we observed a shift to a stable low FRET state (E~0.30), likely because of DNA unwinding ( Fig. 2b) . A similar FRET change was observed when the locations of the donor and acceptor were swapped ( Supplementary  Fig. 7b ). A DNA with n PD = 1 showed a similarly stable unwinding but with a slightly higher E of ~0.35 and occasional short-lived transitions to the high FRET state, likely due to one bp fewer unwinding and increased frequency to rewind, respectively. The trend continued upon increasing n PD to 2 and 3; E value for the unwound state increased, and the relative population of the rewound state increased. With n PD = 4, the unwound state is rarely populated. deCas9 and dCas9-HF1 showed a similar behavior but their unwound state population and lifetime were smaller and decreased more quickly with increasing n PD (Fig.  2b) . Therefore, EngCas9s are more sensitive to PAMdistal mismatches in their ability to unwind DNA. The rewound state must still have at least 8 PAM-proximal bp unwound because we did not see stable binding with fewer PAM-proximal matches ( Supplementary  Fig. 4 ), and can have up to 16 PAM-proximal bp unwound.
We observed two distinct E populations even at a higher time resolution (35 ms) ( Supplementary Fig.  9 ), indicating that Cas9-RNA induces primarily two states, unwound and rewound, without spending appreciable time in between. We used the Hidden Markov modeling analysis to segment single molecule time traces into two states ( Supplementary Fig. 10 ). All Cas9s showed a reduction in the relative population and lifetime of the unwound state with increasing n PD ( Fig. 2c-e ). Combined with the gradual increase of E values for the unwound state ( Fig. 2b) , we can conclude that PAM-distal mismatches reduce the time spent in the unwound state in addition to reducing the maximal extent of unwinding. For a given n PD, EngCas9s showed lower occupancy and shorter lifetime of the unwound state ( Fig. 2c-e ), suggesting that the mutations indeed destabilize the maximally unwound states. We observed a similar unwinding behavior from catalytically active Cas9 but E distribution was broader and state transitions were less frequent ( Supplementary Fig. 11 ), suggesting a change in unwinding dynamics after cleavage, possibly due to disordered non-target strand 25, 26 .
In order to capture the initial DNA unwinding event, we added labeled DNA to surface-immobilized Cas9-RNA molecules ( Fig. 2f ) ( Supplementary Fig. 12-13 ). DNA binding is detected as a sudden appearance of fluorescence signal in a high E state, followed by a single step change to a low E (unwound state) ( Fig.  2g) . Subsequently, we observed unwinding/rewinding dynamics similar to what we observed in the steady state ( Fig. 2g) (Supplementary Fig. 14-15 ). The average dwell time of the initial high E state which we attribute to the time it takes to unwind DNA for the first time ( unwinding ) remained constant (~1 s) for dCas9 when n PD changed from 0 to 2. In contrast,  unwinding increased ~9 folds for EngCas9s when n PD changed from 0 to 2 ( Fig. 2h ), suggesting that EngCas9s take longer to unwind in the presence of PAM-distal matches.
DNA cleavage vs. mismatches
Next, we probed how mismatches influence target cleavage through modulating DNA unwinding/rewinding dynamics. Cleavage was more specific for EngCas9s because they cleaved only up to n PD = 3 compared to n PD = 4 for WT Cas9 ( Fig. 3a &  Supplementary Fig. 8 ). EngCas9s did not release cleavage products under physiological conditions ( Supplementary Fig. 4) , as was the case for WT Cas9 9 . In terms of the cleavage reaction, EngCas9s were much slower than WT Cas9 for cognate or PAMdistal mismatched DNA ( Fig. 3b-c ) but were faster for PAM-proximal mismatched DNA ( Fig. 3a) . Overall, we observed a clear correlation between the cleavage time scale,  cleavage , and DNA unwinding signatures;  cleavage decreased with increasing population (Fig. 3d) and lifetime ( Fig. 3e ) of the unwound state. Therefore, cleavage must proceed from the unwound state.
HNH and RuvC nuclease domains cleave target and non-target strand respectively. Additional 3'-5' exonuclease activity of RuvC 3, 25, 27 , which normally causes multiple bands of cleaved non-target strand, decreased with increasing n PD , and more efficiently so for EngCas9s ( Supplementary Fig. 8) .
Armed with the kinetic information on DNA binding, interrogation, unwinding/rewinding and cleavage, we can clarify in which reaction steps sequence mismatches and Cas9 mutations exert their influence. Because cleavage likely occurs from the unwound state, we estimated the lower limits of intrinsic rate of cleavage (k c,int ) from the apparent cleavage time  cleavage and unwound fraction by fitting  cleavage vs unwound fraction using  cleavage = 1/([unwound fraction]*k c,int +C). Because a single value of k c,int was able to fit the data for each Cas9, we conclude that changes in  cleavage caused by mismatches can be attributed to changes in the unwound fraction ( Fig.  3d) . Therefore, although DNA molecules with different n PD values show different extents of unwinding, their unwound states have similar intrinsic cleavage rates. k c,int was ~0.67 s -1 for WT Cas9 but decreased to 0.025-0.015 s -1 for EngCas9s.
Inserting two single bp mismatches in the PAM-distal region gave a predominantly rewound state with only brief excursions to the unwound state for all Cas9s (Fig. 4a) , indicating that there is no difference in unwound fraction among them. Nevertheless, WT Cas9 cleaved the DNA whereas EngCas9s did not, further confirming the much higher k c,int for WT Cas9 which in turn allows cleavage even from a transiently populated unwound state, likely contributing to higher off-target cleavage yields ( Fig. 4b) .
Mechanism of mismatch sensitivity of EngCas9s
The changing balance between unwinding and rewinding caused by mismatches reflect the energetic competition between target strand annealing with RNA vs with non-target strand. Mismatches would favor rewinding to recover the parental duplex by disrupting RNA/DNA duplex. We found that mutations in EngCas9s further promote rewinding, helping improve cleavage specificity. In order to gain additional insights into how EngCas9s more readily rewind in the presence of mismatches, we disrupted the parental DNA duplex by pre-unwinding the PAMdistal mismatched portion ( Fig. 4c) . Pre-unwinding shifted the balance toward unwinding for WT Cas9 and Ca9-HF1 ( Fig. 4d) , possibly because the residues that sequester the non-target strand, mutated in eCas9, are still intact. The result also explains why preunwinding allows rapid cleavage of mismatched DNA 28 . In contrast, eCas9 failed to shift E distribution toward a low value in the presence of PAM-distal mismatches ( Fig. 4d & Supplementary Fig. 16 ), likely because the residues that help sequester the unwound non-template strand are mutated ( Fig. 1b &  Supplementary Fig. 17 ).
PAM-proximal DNA unwinding
To investigate if EngCas9-RNA mutations also affect PAM-proximal DNA unwinding we designed a DNA construct with a donor and an acceptor at the PAM proximal site separated by 12 bp ( Fig. 4e &  Supplementary Fig. 18 ). Cas9-RNA binding to cognate DNA shifted E from 0.55 to 0.35 for all Cas9s, indicating a stable DNA unwinding at PAM-proximal site. With n PP = 2, the fraction of unwound population decreased to 50% for dCas9, 40% for deCas9 and < 5% for dCas9-HF1 ( Fig. 4f) , mirroring the decreases in f bound . However, this decrease did not correlate with cleavage efficiency of DNA target with n PP = 2, where EngCas9 were more efficient than WT Cas9 (Fig. 3a) . Therefore, EngCas9s can cleave DNA better once the initial barrier caused by PAM-proximal mismatches is overcome.
Discussion
Like WT Cas9, EngCas9s also require only 9-10 PAM-proximal matches for ultra-stable binding and thus will likely not confer significant specificity advances for applications utilizing Cas9 binding, for example transcription regulation 29 or imaging 30 . EngCas9s, however, do show a modest increase in binding specificity. For example, Cas9-HF1 requires one additional basepair match for ultra-stable binding compared to WT Cas9. Ultra-stable binding to partially matching sequences can sequester Cas9-RNA, limiting the speed of genome editing. To overcome sequestration, one would need higher Cas9-RNA concentrations which may in turn lead to an increase in off-target cleavage. One base pair difference would mean about four-fold reduction in such off-target sinks for Cas9-HF1, and even such a modest improvement in binding specificity may improve cleavage specificity by reducing the total concentration of Cas9-RNA required.
Cas9's cleavage activity requires many more sequence matches than stable binding 3, 4 and we found that DNA unwinding, instead of DNA binding, is strongly correlated with the cleavage rate when we vary the DNA sequence or Cas9 mutations. Unwound DNA configuration is likely verified by REC3 domain and linker connecting HNH and RuvC nuclease domains in Cas9 21,31 , guiding HNH nuclease movement for cleavage. REC2 (coupled to REC3) proofreading and HNH movements are impaired by PAM-distal mismatches 18,21 that we show here to also impair DNA unwinding. DNA unwinding occurs even in the absence of divalent cations (Supplementary Fig. 19 ) whereas HNH movement requires divalent cations 18 . Therefore, DNA unwinding is likely an upstream trigger of HNH movement and does not occur with or because of HNH movement as had been suggested in a simulation study 31 . This also means that DNA unwinding is the critical step that verifies sequence matching, which then subsequently triggers a series of steps toward cleavage including HNH movement.
The impact of PAM-distal matches in opposing DNA unwinding is even greater for EngCas9 because their mutations destabilize the unwound DNA configuration, and because cleavage likely proceeds from the unwound state, the increased sensitivity to mismatches in DNA unwinding is likely to contribute to the increased specificity of cleavage by EngCas9s. Any perturbation that destabilizes unwound DNA or fully extended R-loop will delay or fully impair the cleavage action and is also likely the reason why Cas9 with truncated guide-RNAs are more specific in cleavage 32 .
DNA targets with only a few interspersed single basepair mismatches at PAM-distal site can prevent stably unwound states by all Cas9 but even transiently unwound states appear to allow cleavage by WT Cas9, but not by EngCas9s which we showed here to have much lower intrinsic cleavage rate. Therefore, the large enhancement in cleavage specificity for EngCas9s may in part be due to the lower intrinsic cleavage rate that prevents cleavage from transiently unwound states that are populated in partially matching sequences. Fig. 4g summarizes our findings on the three possible mechanisms of specificity increase for EngCas9 in the form of free energy diagram along the axis of N unw , the number of bp unwound, leading toward cleavage. Once the initial barrier of PAM detection is overcome, DNA unwinding proceeds in the direction from PAMproximal to PAM-distal. There is a sudden drop in energy at N unw =9 for WT Cas9 and eCas9, marking a threshold for stable binding. Because the threshold is shifted to N unw =10 for Cas9-HF1, Cas9-HF1 can achieve higher cleavage specificity by reducing the number of off-target sites which can otherwise sequester Cas9-RNA (Mechanism 1). EngCas9s also tilt the energetic balance toward rewinding in the PAM-distal region such that PAM-distal mismatches readily depopulate the fully unwound state needed for cleavage (Mechanism 2). Finally, EngCas9s have lower intrinsic cleavage rates from the unwound state, represented as higher energetic barrier against cleavage, preventing cleavage from transiently unwound off-targets (Mechanism 3).
EngCas9s still cleave DNA targets with ~3 PAMdistal mismatches thus there is room for further improvement. Cas9-HF1 and eCas9 mutations eliminated some of the favorable sequenceindependent interactions for target and non-target strands separately and may act in an independent manner and thus, their mutations may be combined. EngCas9 mutations may also be combined with truncated RNA to improve the specificity even further. But, combining a number of such strategies that destabilize unwound state and decrease the intrinsic cleavage rate from the unwound state as we showed here could lead to substantially reduced on-target cleavage as well, as has been observed when Cas9-HF1 was used with the truncated RNA 10 .
Materials and methods
Preparation of DNA targets. DNA targets used in smFRET assay for DNA interrogation by Cas9-RNA are the same as what were used previously for WT Cas9 studies 9 and Supplementary Figure 1 shows the overall schematics. The schematic of DNA targets used for smFRET assay of Cas9-RNA induced DNA unwinding is shown in Supplementary Figure 7, 12,  18 . All DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT, Coralville, IA 52241). A thymine modified with an amine group through a C6 linker (amino-dT) was used to label DNA with Cy3 or Cy5 N-hydroxysuccinimido (NHS). Non-target strand, target strand and a 22 nt biotinylated adaptor strand were assembled by mixing them in buffered solution with 10 mM Tris-HCl, pH 8 and 50 mM NaCl and heating to 90 °C followed by cooling to room temperature over 3 hrs. For DNA unwinding by surface-tethered Cas9-RNA, the biotin adaptor strand was omitted. Full sequence and modifications of DNA targets used in smFRET assays for DNA interrogation and DNA unwinding are shown in Supplementary Table 1 and Supplementary  Table 2 , respectively. For radio-labeled gel electrophoresis cleavage experiments, the target strand was phosphorylated with P 32 using T4 polynucleotide kinase reaction and was annealed with the non-target strand as described above. Sequences are the same as in Supplementary Table 1 and Supplementary  Table 2 but without the biotinylated adaptor strand. For fluorescently-labeled gel electrophoresis cleavage experiments, the DNA targets used are the same as those used in smFRET assays.
Expression and purification of Cas9. All Cas9 were expressed and purified as described previously 2, 33 . A pET-based expression vector was used for protein expression which consisted of sequence encoding Cas9 (Cas9 residues 1-1368 from S. pyogenes) and an N-terminal decahistidinemaltose binding protein (His10-MBP) tag, followed by a peptide sequence containing a tobacco etch virus (TEV) protease cleavage site. Mutations for cleavage impairment, enhanced mutations (eCas9), HF1 mutations or the desired combinations of them were introduced by sitedirected mutagenesis (QuickChange Lightning; Agilent Technologies, Santa Clara, CA 95050). Proteins were expressed in E. coli strain BL21 Rosetta 2 (DE3) (EMD Biosciences), grown in TB (Terrific Broth) or 2YT medium (higher expression obtained for TB) at 37 °C for a few hours. When the optical density at 600 nm (OD 600 ) reached 0.6, protein expression was induced with 0.5 mM IPTG and the temperature was lowered to 18 °C. The induction was then continued for 12-16 h. The medium was then discarded and cells were harvested. The harvested cells were lysed in 50 mM Tris pH 7.5, 500 mM NaCl, 5% glycerol, 1 mM TCEP, supplemented with protease inhibitor cocktail (Roche) and with/without Lysozyme (Sigma Aldrich), and then homogenized in a microfluidizer (Avestin) or homogenized with Fisher Model 500 Sonic Dismembrator (Thermo Fisher Scientific) at 30 % amplitude in 3 one minute cycles, each consisting of series of 2 s sonicate-2 s repetitions. The lysed solution was then ultra-centrifuged at 15,000 g for 30-45 minutes, supernatant of lysate was collected and cellular debris was discarded. The supernatant was added to Ni-NTA agarose resin (Qiagen). The resin was washed extensively with 50 mM Tris pH 7.5, 500 mM NaCl, 10 mM imidazole, 5% glycerol, 1 mM TCEP and the bound protein was eluted in a single-step with 50 mM Tris pH 7.5, 500 mM NaCl, 300 mM imidazole, 5% glycerol, Preparation of guide-RNA and Cas9-RNA. Guide-RNA for Cas9 is a combination of CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA). For smFRET assay for DNA interrogation by Cas9-RNA, crRNA with an amino-dT was purchased from IDT and labeled with Cy5-NHS. Location of the Cy5 in the crRNA is shown in Supplementary Figure 1 . The tracrRNA was in vitro transcribed as described previously 4 . For DNA unwinding smFRET assay, both crRNA and tracrRNA were unlabeled and transcribed in vitro. Guide-RNA was assembled by mixing crRNA and tracrRNA at 1:1.2 ratio in buffer containing 10 mM Tris HCl (pH 8) and 50 mM NaCl, heated to 90 °C and slowly cooled to room temperature. Cas9-RNA was assembled by mixing guide-RNA and Cas9 at a ratio of 1:3 in Cas9-RNA activity buffer (20 mM Tris HCl (pH 8), 100 mM KCl, 5 mM MgCl 2 , 5% v/v glycerol). Cas9-RNA cleavage activity on cognate sequence used for smFRET assay for DNA interrogation was characterized previously 4 . We used a slightly difference sequence for optical placement of amino-dTs for DNA unwinding smFRET assay and Cas9-RNA cleavage activity on that sequence was also confirmed (Supplementary Fig. 8 ). RNA sequences are available in Supplementary Table 1 & 2 . For smFRET assay of DNA unwinding by surfacetethered Cas9-RNA, a biotin adaptor DNA strand was annealed to a complementary extension on guide-RNA (Supplementary Figure 12) Single-molecule fluorescence imaging and data analysis. DNA targets were immobilized on the polyethylene glycol-passivated flow chamber surface (purchased from Johns Hopkins University Microscope Supplies Core or prepared following protocols reported previously 22 using neutravidin-biotin interaction and imaged in the presence of Cas9-RNA at the stated concentration using two-color total internal reflection fluorescence microscopy. For DNA unwinding by surface-tethered Cas9-RNA smFRET assay, 20 nM of biotin-labeled Cas9-RNA was immobilized on surface before adding FRET pair labeled DNA targets. All the imaging experiments were done at room temperature in a Cas9-RNA activity buffer with oxygen scavenging for extending photostability (20 mM Tris-HCl, 100 mM KCl, 5 mM MgCl 2 , 5% (v/v) glycerol, 0.2 mg ml -1 BSA, 1 mg ml -1 glucose oxidase, 0.04 mg ml -1 catalase, 0.8% dextrose and saturated Trolox (>5 mM) 34 . Time resolution was 100 ms unless stated otherwise. Detailed methods of single-molecule FRET (smFRET) data acquisition and analysis have been described previously 22 . Video recordings obtained using EMCCD camera (Andor) were processed to extract single molecule fluorescence intensities at each frame and custom written scripts were used to calculate FRET efficiencies. Data acquisition and analysis software can be downloaded from https://cplc.illinois.edu/software/. FRET efficiency (E) of the detected spot was approximated as E = I A /(I D +I A ), where I D and I A are background and leakage corrected emission intensities of the donor and acceptor, respectively. E histograms, Cas9-RNA bound DNA fraction and unwound fraction. Unless stated otherwise, first five frames of each molecule's E value time traces were used as data points to construct E histograms. At least 2,500 molecules were included in each histogram. Cas9-RNA bound DNA fraction was calculated as a fraction of data points with E > 0.75 and was then normalized relative to Cas9-RNA bound DNA fraction for the cognate DNA target, which is not 100% because missing or inactive acceptor fluorophore, and is referred to as f bound . To estimate K d , f bound vs Cas9-RNA concentration (c) was fit using f bound = M × c / (K d + c) where M is the maximum observable f bound . M is typically less than 1 because inactive or missing acceptors or because not all of the DNA on the surface are capable of binding Cas9-RNA. For DNA unwinding smFRET assay, unwound fraction was calculated as the ratio of data points with 0.2 <E <0.6 and total number of data points with E>0.2.
Kinetic analysis of DNA interrogation by Cas9-RNA
A bimolecular association/dissociation kinetics was used for the analysis of DNA binding by Cas9-RNA. (Supplementary Fig. 5c ) binding events by fitting their distribution using a double-exponential decay. Dwell times of mid FRET (0.2 <E <0.6) states before their transition to zero FRET (E<0.2) states were used to calculate lifetime of mid FRET ( mid ) ( Supplementary Fig. 5d ) binding events by fitting their distribution using a single exponential decay.
To calculate the total bound state lifetime ( avg ) ( Fig.  1d) , mid and high FRET states were taken as bound states and zero FRET state as the unbound state. The survival probability of all the bound state events (mid and high FRET states taken as a single state, FRET > 0.2) vs time was fit using a double exponential decay profile (A 1 exp(-t/ 1 ) +A 2 exp(-t/ 2 )).  avg is an amplitude weighted average of two distinct lifetimes  1 and  2 .
A 1 values are also used as the fraction of mid FRET state binding events (f mid FRET ). Dwell time distribution of zero FRET state (E<0.2) was fit to a single exponential decay to calculate lifetime of unbound state ( unbound ) ( Fig. 1f) . Inverse of  unbound was used to calculate k binding and k on . Since Cas9-RNA DNA association were sequence independent, a mean of k on for different DNA target was used to determine k on for each Cas9 (Fig. 1f) Kinetic analysis of Cas9-RNA induced DNA unwinding and rewinding Cas9-RNA induced DNA unwinding was modeled as a two-state system (Fig. 2b) :
A hidden Markov model analysis segmented single molecule time traces into unwound and rewound states (low and high FRET states). Dwell time histograms were fitted using single exponential decay to determine the average lifetime of the high ( high ) and low FRET ( low ) states respectively ( Fig. 2d-e) . A kon koff kc,int ku kr small fraction of its smFRET time trajectories had a constant high FRET without any fluctuations, likely representing DNA molecules unable to bind Cas9-RNA and were excluded from kinetic analysis.
Unwinding rate (k u ) was calculated as inverse of  high and rewinding rate (k r ) was calculated as inverse of  low. Intrinsic cleavage rate k c,int was determined by fitting cleavage lifetime vs unwound fraction using cleavage = 1/([unwound fraction]*k c,int + C), where C=0 for eCas9 but an extremely small value of C had to be used for WT Cas9 and Cas9-HF1.
In smFRET experiments to capture the initial DNA unwinding event, distribution of dwell times of the initial high FRET state before the first transition to the low FRET state was fit with a single exponential to obtain  unwinding .
Gel-electrophoresis to investigate Cas9-RNA induced cleavage.
FRET pair labeled DNA targets used in the smFRET DNA unwinding assays were also used in fluorescence-based gel electrophoresis experiments. The DNA targets were incubated with Cas9-RNA in Cas9-RNA activity buffer (20 mM Tris HCl (pH 8), 100 mM KCl, 5 mM MgCl 2 , 5% v/v glycerol) at the specified concentrations and for specified durations. The reaction samples were then denatured by formamide loading buffer (95% formamide, 5 mM EDTA) and resolved via polyacrylamide gel electrophoresis (PAGE) using 15% Polyacrylamide TBE Urea pre-cast gels (Bio-rad laboratories) and imaged via Cy5/Cy3 excitation (GE Amersham Imager 600). Sequences of DNA targets and guide-RNA are shown in Supplementary Table 2 . For radio-labeled PAGE experiments, P 32 -labeled DNA targets at 1 nM concentration were incubated with 100 nM Cas9-RNA in Cas9-RNA activity buffer (20 mM Tris HCl (pH 8), 100 mM KCl, 5 mM MgCl 2 , 5% v/v glycerol) at for 10 minutes. The reaction samples were then denatured by formamide loading buffer (95% formamide, 5 mM EDTA), resolved via PAGE and imaged via phosphorimaging (GE Healthcare). For the rate of cleavage experiments, aliquots of Cas9-RNA DNA running reaction were taken at different time points for the PAGE analysis. Sequences of DNA targets and guide-RNA are the same as in Supplementary Table 2 except that the biotinylated adaptor strand is omitted.  cleavage for WT Cas9 is taken from a study 28 which used a slightly different protospacer, shown in Supplementary   Table 1 . In a control, the  cleavage for WT Cas9 were similar between the two protospacers and much lower than  cleavage for EngCas9. 
